Glycoproteins are defined as proteins containing covalently bound carbohyd rates. During the past decade, a rapid progress has been made in our knowledge of glycoproteins, and it is now possible to attempt generalizations about their structure and metabolism (Eylar 1965 , Hunt 1970 , Spiro 1970 . Little atttention, however, has been paid to the evolution of glycoproteins except for those which occur in the supporting tissues of higher animals, such as chitin (Florkin 1966) , mucopolysaccharides (Mathews 1967) , and collagens (Rudall 1968) . It is the purpose of this paper to propose a general scheme on the evolution of all glycopro teins. There are undoubtedly errors and oversimplifications in the proposed hypotheses which had of necessity to be built on the very limited number of features available at present. However, it is hoped that they will serve to unify the fragmentary data which are scattered among numerous papers in various fields, and that by challenging the workers in these fields to find contradictions to the hypotheses, some appropriately oriented studies will be stimulated. Although most of these hypotheses are highly speculative, they will be tested experimentally by determining the primary structures of phylogenetically homologous glycosyl transferases from a number of the present-day species belonging to different phyla, and by comparing them to deduce a possible evolutionary relationship, as has been done successfully with several proteins, such as cytochromes c, hemoglobins, and immunoglobulins (Nolan and Margoliash 1968) .
I General considerations
Glycoproteins are not characterized by their amino acid sequences, since almost all types of protein can contain covalently bound carbohydrates.
Not only globular proteins, such as enzymes, hormones, and antibodies, but also fibrous proteins, such as collagens and fibroins, are known to be glycoproteins. The carbohydrate contents of glycoproteins vary to a large degree , ranging from less than 1% to more than 95% of the weight of molecule (Fig . 1) . The number of carbohydrate units per molecule also varies from one to as many as 800 (Fig. 2) . In spite of this extreme diversity in chemical structure, the mode of biosynthe sis is strikingly similar. In all glycoproteins so far studied, the protein portion is synthesized on polysomes by the usual machinery of protein synthesis, and insects (Sinohara et al. 1971 ) and vertebrates (Jackson and Hirs 1970 , Spiro 1970 . It has been suggested by McLaughlin and Dayhoff (1970) that three major king doms of eukaryotes. i.e., fungi, green plants, and animals evolved at about the same time from a common ancestor, which is referred to as proto-eukaryote in this paper. As will be discussed below, this glycopeptide has not been. found in bacteria, and hence we have proposed the hypothesis that the enzyme catalyzing the formation of this linkage evolved in the proto-eukaryotes, and has been distributed among various phyla of eukaryotes during millions of years (Sinohara et al. 1971 ). This enzyme transfers N-acetylglucosamine to asparagine residue of polypeptide only when the asparagine is present in the sequence of Asn-X-Ser or Asn-X-Thr, where X is any amino acid (Jackson and Hirs 1970). Neither asparagine residues in the sequences other than Asn-X-Ser (or Thr) nor any glutamine residues can serve as acceptors. It seems unlikely that this highly specific characteristic of the enzyme could have been developed by a completely independent convergence with no common origin at all. Hunt and Davhoff (1970) have made a complete survey on the occurrence of the sequence Asn-X-Ser (or Thr) among some 28,000 tripeptide amino acid links listed in Atlas of Protein Sequence and Structure. They found 88 occurrences of the sequence, 7 of which were glycosylated through glucosaminylasaparagine linkage. However, they did not distinguish eukaryotes front prokaryotes. Of 88 occurrences, 50, 23, and 15 were present in eukaryotes, bacteria, and viruses, respectively. None of the sequences in bacteria and viruses was glycosylated, whereas 7 out of 50 sequences of eukaryotes contained type I glycopeptides. Furthermore, the frequency of occurrence of Asn-X-Ser (or Thr) in bacteria was 23 out of some 3,000 tripeptide sequences surveyed, whereas that in eukaryotes was 50 out of 23,000. This marked difference between eukaryotes and bacteria may be explained by the above hypothesis. A protein which acquired the sequence Asn-X-Ser (or Thr) by mutation is glucosaminylated in eukaryotes which contain a glucosaininyltrans ferase. The glycoprotein formed in this way contains bulky hydrophilic region of carbohydrate which is probably exposed to the exterior of the molecule where carbohydrate can interact with water, possibly resulting in the interference of spontaneous folding determined by the primary structure . This would be disadvantageous for the normal function of the protein, and the organism possessing it would be eliminated. Only when carbohydrate moiety confers an immediate advantage by participating in some function, it would be stabilized by a high selection pressure. On the other hand, prokaryotes contain no enzyme for attaching glucosamine to protein, and no selection occurred on the sequence Asn-X-Ser (or Thr). This will e.plain why the sequence Asn-X-Ser (or Thr) occurred much more frequently in prokaryotes than in eukaryotes . Type I glycopeptides may be considered to occurr in three major forms based on the carbohydrate composition: group IA contains mainly mannosee and glucosamine; group IB, galactose and glucosamine; and group IC, glucosamine only.
Group IA. At present this group can be further divided into three subgroups. Subgroup IA, contains oligosaccharide units composed of only mannose and glucosamine.
One of the salient features of this subgroup is that diacetylchitobiose forms the internal part of carbohydrate units with one of the glucosamine residues taking part of the attachment to the polypeptide chain (Fig. 3) not known what is the nature of the selective process which brought about the adoption of larger size of carbohydrate chain in preference to moderate size, but these glycoproteins may have a function similar to that of proteoglycosam inoglycans (groups IB and IID) which also possess large size of carbohydrate units and which are found only in the animal kingdom. The various sugar units are frequently added to the inner core of glucosamine and mannose with more or less characteristic distribution among phyla, and are classified as subgroup IA3. Fucose and xylose, which are found mainly at nonreducing terminals of branched chains, are widely distributed in animals (Spiro 1970), plants (Yasuda et al. 1970) , and fungi (McKelvy and Lee 1969) . Arabinose is found mainly in plants and fungi (Katzman et al. 1970) . Trisaccharide residue, sialyl-galactosyl-acetylglucosaminyl, has been found in many glycoproteins from vertebrates, but not in any glycoproteins from the other phyla. The inner core to which this trisaccharide residue is added contains no chitobiosyl residue in the carbohydrate-peptide linkage region (Wagh et al. 1969, Kornfeld and Kornfeld 1970) , which is in contrast to subgroup IA, glycopeptides.
Group IB. The major portion of carbohydrate units consists of alternating units of galactose and N-acetylglucosamine with molecular weight of 3,500 to 10,000, and is called keratan sulfate (Meyer 1969) . Sulfates appear to be located in a random manner at C-6 of both sugars. However, the chains are not abso lutely regular, but are assumed to have branches containing fucose, galactose and sialic acid. The carbohydrate-peptide linkage region consists of galactose, mannose, glucosamine, and aspartic acid in a molar ratio of 1: 2: 2:1, which is very similar to group IA glycopeptides (Baker et al. 1969 ). This group has been found only in cornea of vertebrates. Similar carbohydrate units, which are also called keratan sulfates, have been isolated from various cartilages. However, they differ from this group, since they are linked to protein by O-galactosaminidic bond to serine or threonine (see below).
Group IC. This group consists of chitin, which is assumed to be covalently linked to protein. Although the nature of this linkage is still unclear , it is possible that chitin is linked to protein through glucosaminylasparagine linkage , since aspartic acid and histidine were the main amino acids associated with chitin after extensive degradation (Hackman 1960) , and since this linkage has been shown to be present in the silkworm, Bombyx mori (Sinohara et al. 1971) , and the fungus Aspergillus oryzae (Yamaguchi et al. 1970) , the two organisms which are known to contain abundant chitin.
Chitin occurs most commonly in the fungi and in the protostomes where it is a principal component of exoskeleton (Florkin 1966) . Chitin is also found in some algae, but not detected in any bacteria so far studied (Florkin 1966) . This suggests that chitin synthetase evolved in the proto-eukaryotes , and that it has been preserved mainly in the fungi and protostomes while it was lost during phylogenetic development of higher plants and deuterostomes .
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Chitin is structurally very similar to cellulose. Since cellulose has been found in some species of bacteria (Canale-Parola et al. 1961) , it may be suggested that chitin synthetase originated from prokaryotic cellulose synthetase during the development of proto-eukaryotes.
Possibly the catalytic site of the enzyme was preserved, while the substrate-binding site changed from glucose to N-acetylglucosamine. It has been shown that in many enzymes the primary structure near the catalytic site is highly conserved even in very distantly related proteins, whereas the structure near the substrate-binding site changes more rapidly (Dayhoff and McLaughlin 1969) . Fibroins. Fibroins are defined as filamentous proteins produced by certain arthropods. Although there are thousands of species known to produce fibroins, only a few have been extensively investigated (Lucas and Rudall 1968). Recently we have shown that all fibroins from ten different species belonging to two families, i.e., Saturniidae and Bombycidae, contain small amounts of carbohydrates (Asano and Sinohara 1968) and that B. mori fibroin possesses subgroup IA, glycopeptide (Fig. 3) . It seems reasonable to assume that fibroins from species which are taxonomically close each other have originated from a common ancestral protein rather than they have originated independently, although the definite proof for this must await the completion of primary structure of individual fibroins. Since no sequence data are available at present, the compositional relatedness of fibroins from Saturniidae and Bombycidae were calculated by the difference index (DI) method of Metzger et al. (1968) . According to this method, two fibroins with no amino acids in common have a DI of 100, while two fibroins with the same composition have a DI of 0. Table 1 shows that DIs of any pairs of fibroins from the same genera were less than 6, while DIs for 16 pairs of fibroins from different genera within the same family varied from 7.7 to 13.8. When fibroins from 
